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Abstract 

Using the generalized mean field theory, we have studied the relation among 
the effective meson masses, the effective meson- nucleon couplings and the 
equation of state (EOS) in asymmetric nuclear matter. If the effective oj- 
meson mass becomes smaller at high density, the EOS becomes stiffer. How- 
t^j- | ever, if we require that the w-meson mean field is proportional to the baryon 

density, the effective w-nucleon coupling automatically becomes smaller at 
the same time as the effective w-meson mass becomes smaller. Consequently, 
the EOS becomes softer. A similar relation is found for the effective p-meson 
mass and the effective /3-nucleon coupling. We have also studied the relation 
among the effective meson masses, the effective meson-nucleon couplings and 
a radius R of a neutron star. The R depends somewhat on the value of the 
effective o;-meson mass and the effective w-nucleon coupling. The ambiguity 
of R is a few hundred meters if |m* 2 — m 2 | ~ 0.1m 2 at the normal density. 
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1 Introduction 

Medium effects on the hadron masses and couplings are much interested in 
the hadron and nuclear physics. ^ |2J |3| In particular, the vector meson 
mass reduction attracts a great deal of attention because they are related to 
the chiral symmetry restoration. Because of its short life time, the reduction 
of the p-meson mass is expected to be a signal of the hot and dense matter 
which may be produced in the high-energy heavy ion collisions, jl] 

On the other hand, the u;-meson is important for the nuclear structure. 
The results of the relativistic Brueckner Hartree Fock calculation El are 
well described by the cj-meson self-interaction [7J |5] or the decrease of the to- 
nucleon couplings in medium. |Hj In the paper [Ulj, Tuchitani et al. showed 
analytically that the enhancement of the effective w-meson mass caused by 
the (j-meson self-interaction softens the equation of state (EOS). They also 
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showed that the reduction of the effective w-nucleon coupling is related with 
the enhancement of the effective w-meson mass if it is caused by the effective 
multi w-nucleon interaction. However, it seems that such an enhancement 
of the effective w-meson mass is not consistent with the chiral symmetry 
restoration in medium. It is reported that the reduction of the effective 
vector meson mass makes the EOS stiffer. |1 1| I12| Recently, Kouno et al. 
showed that the effective w-nucleon coupling automatically decreases as the 
effective a;-meson mass decreases, if we require that the w-meson mean field 
is proportional to the baryon density. ^3] I n that case, the EOS becomes 
softer in spite of the reduction of the effective w-meson mass. 

On the other hand, the EOS also becomes softer, if there is a exotic 
matter such as pion condensation Jl] or quark matters. ^H] If an observ- 
able such as a neutron star radius indicates that the EOS is too soft to be 
described by the hadron EOS, it is a proof of the existence of such an exotic 
matter. In this meaning, it is important to examine how soft the "normal" 
hadon EOS can be without such an exotic matter. 

In this paper, we study the EOS of asymmetric nuclear matter using the 
generalized mean field theory proposed by Tuchitani et al. [1Q and study the 
relation among the effective meson masses, the effective meson-nucleon cou- 
plings and the EOS. If the effective w-meson mass becomes smaller (larger) 
at high density, the EOS becomes stiffer (softer). However, as is in the case 
of the symmetric nuclear matter, |13j if we require that the w-meson mean 
field is proportional to the baryon density, the effective w-nucleon coupling 
automatically becomes smaller (larger) at the same time as the effective 
o>-meson mass becomes smaller (larger). The effect of the reduction (en- 
hancement) of the effective w-nucleon coupling overcomes the effect of the 
reduction (enhancement) of the effective w-meson mass. Consequently, the 
EOS becomes softer (stiffer). A similar relation is found for the effective 
/9-meson mass and the effective p-nucleon coupling. 

We also study the relation among the effective meson masses, the ef- 
fective meson-nucleon couplings and a radius of a neutron star. We found 
that the radius of the neutron star depends somewhat on the value of the 
effective w-meson mass and the effective w-nucleon coupling. 

This paper is organized as follows. In Sec. 2, we formulate the general- 
ized mean field theory in the asymmetric nuclear matter. In Sec. 3, we show 
that the analytical representations for the incompressibility and the symme- 
try energy for nuclear matter. In Sec. 4, we numerically analyze the relation 
between the effective meson masses, the effective meson-nucleon couplings, 
the EOS and a radius of a neutron star. Sec. 5 is devoted to a summary. 
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2 Effective Lagrangian and Equation of Motion 



We start with the following Lagrangian of a-uj-p model. 



L = $[ 1 »{id^ + ^(a,u,p)+T a ^(a,u J ,p)}-{m + Z s (a,L J ,p)}]4, 

\d»od»o - - 
- U M (cr,uj,p); 

F» v =d^ v -d^, G% = d il pl-d v p a v -g p e abc P y v , (1) 

where if), a, u>^ m and r a [a = 1,2,3) are the nucleon field, the a- 
meson field, the w-meson field, the p-meson field, the nucleon mass and the 
Pauli matries in the isospin space, respectively. The E s , S^, £" and Um 
are functions of d, w' 1 and p". The E s , S M and are the nucleon self- 
energies, while the Um is the mesonic potential which includes the meson 
mass terms, the term of the a-meson self-interaction, the term of the ui- 
meson self-interaction and so forth. 

We regard the Lagrangian as an effective one in which the quantum 
effects of the vacuum fluctuations have been already included. Therefore, 
in principle, there are a limitless number of parameters, namely, effective 
couplings in E s , S^, and Um- 

We remark that the effective Lagrangian Q includes the large classes of 
the relativistic nuclear models. It includes the original Walecka model, 16, 
I17j the relativistic Hartree approximation. [T51 117j the nonlinear a-u model 
with cr-meson self-interactions [El 1213 ED 1221 EH1 EH EH] and the w-meson 
self- interaction, [TIIHIES] the model including a-u> meson interaction [27j, the 
model with the a-p and the uj-p interactions and so forth. It also includes 
the Zimanyi and Mozkowski (ZM) model after the fermion wave function is 
rescaled. j2E] In the quark-meson coupling model (QMC), jSHUHOlE], the 
nucleon self-energy is calculated using the bag model. [321 

Starting from the effective Lagrangian we calculate the density ef- 
fects in nuclear matter. We use the mean field approximation. In the uni- 
form and rotational invariant nuclear matter, the ground-state expectation 
value of the spatial component of the w-meson fields is zero. Therefore, 
below, we only work with < lo° >, the expectation value of the time- like 
component of the w-meson field, and write it in the symbol of u. Similarly, 
for the p-meson field, only the time- like neutral component < pjj > does not 
vanish. We write it in the symbol of p. We also write the expectation value 
< a > in the symbol of a. 

The S s , 7^S^ and 7^r a S^ are the self-energies of the nucleon. (See 
Fig. 1(a).) Since £j(i = 1,2,3) and T,f(i = 1,2,3) has at least one spatial 
component of the vector meson fields, they also become zero in the mean 
field approximation. Below, we write So as S v . Similarly, in E^, only the 
time-like neutral component Sq does not vanish. Below, we write it in the 
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symbol of S r . In the Lagrangian (fT|). we have neglected the other parts of the 
self-energies which vanish in the mean-field approximation. (For example, 
the tensor part V>[7 M , ^j'S^tp vanishes in the mean field approximation, 
since is anti-symmetric in the subscripts p, and v and includes at least 
one uA ) 

In the mean field approximation, the nucleon (N) propagator G N (fc) 
(N=p or n) is given bv [Tfi l ITS ) ITT] 

G N (k) = G${k) + G%(k) (2) 

with the Feynman part 
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GUk) = (7^; + m*) ^ , (3) 

—k* + m* z — le 

and the density part 

G§(*0 = (7 M ^ + m*)|^(F - E* k )9(km - |k|), (4) 



where m* = m + S s , E£ = Vk 2 + m* 2 , F M = + S v + S r , k) for proton, 
A;* M = (k° + S v — S r , k) for neutron, respectively, and /cfn is the Fermi 
momentum. Since the effects of vacuum fluctuations have been already 
included in the effective Lagrangian (JJJ), we use only the density part G®(k) 
to evaluate the density effects. 

Using the propagator G®(k), we get the baryon density 

PB = P P + pn, (5) 

where p p and p n are the proton and neutron densities, respectively. The p^t 
(N=p or n) is given by 

PN = < fift >N = -i J _0_Tr[ 7 o GD(A;)] = ^^ N . (6) 

The scalar density is also given by 

Ps = Psp + Psn, (7) 

where p sp and p sn are the proton and the neutron scalar densities, respec- 
tively. The p S N (N=p or n) is given by 

/9 sN (pn,w*) = < ipip > N = -i I j—^ Tr[G°(fc)] 



(27T) 

1 * f r 77* *2 i ( ^FN + -^FN 



2vr 2 



m* fcpN^N - m*^ In I (8) 
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where E^ N = y^f N + m* 2 . The energy density of the nuclear matter is 
given by 

e = e P +n{pB,P3,v,u,p) + Um{(?,oj,p) - Hy{a,u,p)pB - T, v (a, u,p)p 3 
= e p (p p ,m*) + e n (p n ,m*) + U M (cr,uJ,p) - T, v (a, to, p)p B - E T (o,u,p)p 3 , 

(9) 



where 



2 i ^ *2\ 3 „ 4 / Ep N + kpN 



e N (pN,m*) = ^2 ) ^fn^fn(3A; fn + -m* ) - -m* log 



(10) 



and the isovector density is defined as ps = p p — p n . The pressure of the 
nuclear matter is also given by 

P = P p (p p ,m*) + P n (p Q ,m*) - U u {cr,uJ,p), (11) 

where 

2 3 *2n . 3 +4 / i?p N + &fn 



P N (p N ,m*) = i E^ N k m {k FN - -m* ) + -m* log 



m 

(12) 



The chemical potentials for proton and for neutron are given by 

H P = Ep p - E v (a,u,p) - E r (o,u,p) (13) 

and 

p n = Ep n -T, v (a,uj,p) + T lr (a,uj,p). (14) 
The equation of motion for u-meson is given by 

do = °- (15) 

Putting © into (jT5jl. we get 

fep+nQoB, P3, m*{a,u),p)) _ d^ v (a,uj,p) 
da da 
dE t (a,u,p) dU M (cr,uj,p) 

-P3 + 



PB 



PB 



8a '° ' da 
dm*(a,u;,p) de p+n (p B ,P3,m*) _ dT, v (a,m,p) 

da dm* da 
dT, r (a,uj,p) dU M (cr,uJ,p) 
da P3 + do 

~9saPs + 9vaPB + 9 ra p3 + 7^ = 0, (16) 
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where we have used the relation 



dm* 



Ps (17) 



and have defined the effective couplings for the three-point meson-nucleon 
interaction as 

dT, s (a,u,p) * dE v (a,u,p) „ dE r (a,u,p) 
9„ = Ta , 9 V „ = Ya and g ra = . 

(18) 

Note that the differentiating the nucleon self-energies with respect to the 
meson-field expectation value yields the effective couplings of the meson- 
nucleon interaction. One external line of the meson can be attached at the 
point where one meson mean field have been removed by the differentiation. 
(See Figs. 1(a) and (b).) In general, the effective action is a generating 
functional of one-particle-irreducible correlation functions, namely, effective 
masses and effective couplings. 

Similarly, we obtain the equation of motion for w-meson 

- 9suPs + 9vujPB + g vuJ P3 H 7^ = 0, (19) 

and the equation of motion for p-meson is given by 

~ 9spPs + 9vpPB + 9 vp P3 H -Q- = 0, (20) 

where we have also defined the effective couplings 

* _ dT, s (a,u,p) „ _ d£ v (cr,o;,p) # _ dT, T (a,uj,p) 

9b " = fa ' 9 ™ = fa 9 ™ = fa ' 

(21) 

and 

* _ 0S s (cr,u;,p) * _ dT, v (a,uj,p) * _ dT, T (a, uj, p) 

9s " = dp ' 9 ^ = dp and 5r " = dp • 

(22) 

The diagrammatic description for the fourth lines of Eqs. (|16[). (|19j) 
and (|2(jp is shown in Fig. 1(c). Although there are a limitless number of 
parameters in E s , S v and S r , only nine effective couplings appear for the 
meson-nucleon interactions in Eqs. Q16| ) .l|19 j) and (|2l)|). If we put g* a = g* a = 
9L = 9*ui = 9s P = 9v P = and approximate g* a , g*^ and g* p as constants 
which are determined at the normal density, we have familiar equations of 
motion which are used in the original Walecka model, |16l I17j the RHA 
calculation [TBI EH and the nonlinear a-u(-p) model. [El HB ED 13 1221 13 

im i23 nam us 

Since the effective potential is a generating function of one-particle- 
irreducible correlation functions with vanishing external momentum, |33| the 
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second derivatives with respect to the meson mean fields yield the square of 
the effective meson masses. Prom the energy density ("""J, this can be directly 
shown as follows. (For the derivations, see |10|.) 



d 2 e(pB,P3,cr,uJ,p) „ „ 



d4>id4>j 



d 2 U M (cr,uj,p) 
+ xT~xl ' {h3 = 1 , 2 ,3) (23) 



where §\ = a, (f) 2 = v, 4>3 = P, 



n(fc FN ,0 4 ) ee - Z J ^Tr[G F p (k)G^(k) + G^k)G F p (k) + G^k)G^k)] 

(l[ \TrlGl(k)G»(k) + G»(k)G F (k) + G»(k)G»(k)] 



(2vr) 4 

(24) 



and the effective coupling g\^.^. (f=s,v,r) is defined by 

d 2 Z { (a,uj,p) 



(25) 



The diagrammatic descriptions for Eq. Q23|) are shown in Fig. 1(d). If the 
mixing parts such as q^q^ vanish, J|^§ and f^fare the square of the 
effective meson masses which are defined at the zero external momentum. 



3 Incompressibility and Symmetry Energy 

In this section, we derive the simple relation among the effective masses, 
effective couplings, the incompressibility and the symmetry energy. 

At first we study the density evolution of the expectation values a, oj 
and p. Fixing p$ and differentiating the equations of motion (|16|) . and 
((2*01) with respect to pb, we obtain the following equation. 

9 de(pB,P3,(T,U},p) | dcpj d 2 e(p B ,P3,(T,uj,p) _ Q 
dpB 9<j>i dpB d(pid(f)j 
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We also get 

d de(pB,P3,(J,u,p) 
dpB d(pi 



d de p+n (p B ,P3,m*(a,uj,p)) 



dpB 

d fdE v (a,u,p) 



-PB 



d ( 0£ r (<7, u>, p) 



dpB V 9(f)i J dpB 

d ( dT, s (a,uj,p) de p+n (p B ,P3,m* 
dpB V 94>i dm* 
dT, Y (a,uj,p) 



» dp s (p B ,p3,rn*) „ 



where 7 is a averaged effective gamma factor which is defined as 
_! _ dp s {pB,P3,m*) I ( m* m* \ 



7 = 



+ 



1 1 77 1 * Z7 1 * 

2 V ^Fp ^Fn 



Using Eqs. (|26|) and p7j) . we obtain 

r*2 



g, 



where 



g — 7 Ss Sv> Ss 



P3 fixed 



9la 

* 

9sLU 
* 

5s P 



9w 

* 

9vuj 

5vp 



$ = 



(7 

p 



and 



M 



* 2 





" m* 2 


















* 2 


* 2 




. m ap 





771 



2 1 



77? 



72 
uip 



-m' 



r d 2 e 

dcrdu) 
d 2 e 



. <9cn9p 

If detM* 2 / 0, Eq. © can be transformed as 



a 2 € 

d 2 e 
diJ 2 
d 2 e 
dtodp 



d 2 e 
dado 

d 2 e 
dudp 

8 2 e 

w 



dpB 



-(M : 



P3 fixed 



■P3 



(27) 



(28) 



(29) 



(30) 



(31) 



(32) 



(33) 
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Similarly, fixing p-Q and differentiating the equations of motion for mesons, 
we obtain 



M* 



dp3 



Pb fixed 



where 



— 1 * , * 

-7 g s +g r ; 



g r 



9rp 



7 



-i 



If detM* 2 / 0, Eq. ® can be transformed as 



dp3 



-{M 



*2\-l 



g- 



Pb fixed 



m 



m 



E 



Fp 



Fn 



(34) 



(35) 



(36) 



At p3 = 0, the system is symmetric for the proton and neutron and we 
can define the following quantities. 



kp = kp p = kp n , p = /i p = /i n , E F = Ep p = Ep n . 
Using these quantities, the incompressibility K is defined by 



K^p1 



dp 2 
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dP 



Pb=Pbo 
P3=0 



dpi 



n d V 
= 9pB0 — 
Pb=Pbo apB 

P3=0 



Pb=Pbo 
P3=0 



(37) 



(38) 



where pbo is the normal baryon density. Using p = E F — T,^ 
S v and Eq. (|3*3*|) . we get 



kp + m* 



g(gg) 
9p B 



1 dP 



PB dpB 



cZ/i dkp kp 



P3=0 



a?p B dp E* 



+ 



m* ( dY, s (a, ui, p) da dT, s (a,u>, p) du> dT, s (a, u, p) dp 



E 



da 



dpi 



dpi 



dp dpi 



dT, Y (a,u,p) da dT lv (a,uj, p) du dT, v (a,u, p) dp 



da 

kl. m* 
F + 



dpi 



dpi 



dp dpi 



+ 



3pE* E* 



da 



da 



doj 



dpB dps 



* d P 



^_ * du_ 

dpB dpB 



dp 



kp 



3p B El 



+ l g 



d$> 



+ 9 ^dp 
kp 



dpB 3p B E F 



g(M : 



9sp dpi 



(39) 



Therefore, we get the relation among the effective masses, the effective cou- 
plings and the incompressibility. |10[ I13j 



K = 9p B o 



(J4_ 

\3 P bE% 



g(M 



g 



Pb=Pbo 

P3=0 



(40) 
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In particular, if (M* 2 ) 1 is diagonal, 

-^(M* 2 )-^ = 4l - 4l7" 2 - (41) 
to* to* 

Therefore, this quantity represents the difference between the strengths of 
the effective repulsive force and the effective attractive force. For the well- 
known parameter sets, [23 E21 |H1 03] this quantity almost vanishes at pb = 
p B0 and p 3 = 0. [13 Q3] 

Similarly, the symmetry energy 04 is given by 



1 d 2 e 

2 dp 3 



fc| 1 dT, r (a,oj,p) 



:Pbo- 



pb=pbo 6£fo 2 (ip3 

P3=0 



kpQ 1 / <9X r da <9X r <9X r dp 

ttPbo -k—-; h ^—3 1- 



65^0 2 \ <9<r dps duj dps dp dpi 
kin 1 t d<& 



6£* 2 ruu a dp 3 

^° Wm* 2 )- 1 ^ (42) 



6£* 2 

where /cfo is the Fermi momentum at the normal density and Ep Q = <J kp Q + to* 2 . 
We have used Eq. (jSEJ in Eq. (jUj). 

If there is a higher order of the w-meson interaction, the value of the u- 
meson mean field may not be proportional to the baryon density. However, 
in a viewpoint of the quark (g) physics, it is natural that the value of the 
w-meson mean field is proportional to the baryon density pe, because ui is 
related to the quark number density qjoq. [SH In this case, the off-diagonal 
parts m* auj 2 and m* p 2 vanish and Eq. yields 

* 2 ~ * ** — 1* 

m ui _ 9i£_ _ 9vuj ~ 7 9sui (43) 
ml g w g u 

Therefore, the effective w-nucleon coupling automatically decreases, if the 
effective w-meson mass decreases. Combining Eqs. (|41j) with l|43JI . we obtain 

— 'g(Af* 2 ) _1 g = 4a - 4ir 2 . = ^ - ^r 2 - (44) 
to* z to* z m^, m* 

The right hand side of equation 1)44(1 means that the EOS becomes softer as 
to* becomes smaller, since g w decreases according to (jIBJ). 

Similarly, if we require that the value of the p-meson mean field is pro- 
portional to the isovector density ps, we obtain 



*2 ~ ^* ~,— 1 

(45) 



m P _9 P _ 9r P - 7 9 S p 



9 P 9 P 
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and 



g(M 



*2\-l; 



g 



in 



g_«_ 2 

*2 ' ' 



ffp#p 



m 



~£_ 2 
2 ' • 



(46) 



«p (7 "p 

Therefore, the EOS becomes softer if the the effective p-meson mass de- 
creases, since the effective p-nucleon coupling g p decreases according to (|45j). 



4 Effective hadron masses, effective coupling and 
equation of state 

In this section, we numerically investigate the EOS in asymmetric nuclear 
matter. Below we assume that 



and 



S s (a) 
E v (cr,a>) 

£ r (<7, p) 



U M ((r,u,p) 



-g P p - g P 3P 3 - ga2 P cr 2 p, 



1 o 2 1 S ^ 4 

1 2 2 ^ A . 1 



(47) 
(48) 
(49) 



.2, ,2 



1 2 2 1 4,1 22 

2 m P^ ~ 4 C P4P + 2 C ^2p2^ P ■ 



(50) 



Under these assumptions, the effective meson-nucleon couplings are given 
by 





" gta ' 




g* 


* 

Ss = 


* 

9suj 









. 9t P _ 








(51) 



and 



gv 









2g CT 2wO"^ 




* 

9vLO 




guj + 3^3a; 2 + g a 2u}<? 2 




. Svp . 









" g*a ' 




2ff CT 2pO"P 




g^ 









. 9* P . 




_ 5p + 3^p3P 2 + 9a2pO- 2 



(52) 



(53) 



Since g* su) = g* = 0, g u = and g p = g* in this model. 
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The effective meson masses are given by following equations. 
m* 2 = m a 2 + 2c a3 a + Zc^o 2 

9*s* 2 j h P * , fc Fp m* 2 , 2 ^F P + £ Fp 

+ ^ 2 -{^ Fn + 2-^--3m log ^ m , 

+ Ig^up-B + c a2oj2 UJ 2 + 2g a2p pp 3 + c a2p2 p 2 . (54) 

= m w 2 + 3c^O> 2 - 630,3^^3 - C CT 2o;20- 2 , (55) 

m* 2 = m p 2 + 3c p4 p 2 - dg p3 pp 3 ~ c a2p2 a 2 . (56) 
The off-diagonal elements of the matrix M* 2 vanish except for 

2 



m 



2c a2w2 auj + 2g a2w ap B + 2c„ 2p2 ap + 2g a2p ap 3 . (57) 



For numerical calculations, we use the parameter set (P.S.) NL3 |24j as a 
basic one. In the P.S. NL3, all parameters except for m a , m u , m p , g a , g^, g P , 
c CT 3 and c CT 4 vanish. In infinite nuclear matter, the parameters g a (g u , g p ) and 
"V (^u, appear in the theory, only through the form of ga/m a (5aj/ m ^> 
g p /m p ). Therefore, we have five independent parameters in this case. We 
add one (or two) fixed parameter(s) of the higher-order interaction(s) to the 
five basic parameters and re-determine the five parameters to reproduce the 
five basic properties of the EOS for the P.S. NL3, namely, pbo = 0.148fm -3 , 
ai = 16.299MeV, m* = 0.6m, K = 271.76MeV and a 4 = 37.4MeV. (We also 
put m = 939MeV as in the case of the P.S. NL3.) 

In a P.S. B, we add the w-meson self-interaction uj a to the basic one. 
This term makes the effective w-meson mass larger (smaller) if c^4 is positive 
(negative). An example of this parameter set is shown in Table 1. In the 
P.S. Bi , 0^4 is chosen to yield "i* 2 /m 2 =0.9 at p-Q = pso and p 3 = 0. 





Bi 


Di 


BDi 




g 2 lm 2 


395.474 


384.641 


407.537 


(GeV- 2 ) 


gj/mj 


295.581 


250.491 


278.194 


(GeV~ 2 ) 




34.9375 


34.9375 


34.9375 


(GeV" 2 ) 




0.0 


0.20 


-0.35 


(GeV- 2 ) 


Ca3/ga :i 


2.26435 


2.38373 


1.49380 


(MeV) 


Cai/ga A 


-3.79059 


-4.61320 


-1.20853 


xlO" 3 


c uiA / 9u> 


-0.0014 


0.0 


-0.0037744 





Table 1: The P.S. Bi, Di and BDi. All of the other parameters are zero. 

In a P.S. D, we add the w-w-w-nucleon interaction. This term makes the 
effective w-nucleon coupling larger (smaller) and the effective w-meson mass 
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smaller (larger) if g w % is positive (negative). An example of this parameter 
set is shown in Table 1. In the P.S. Di , 5^3 is chosen to yield m* 2 /mj =0.9 
at p B = Pbo and p 3 = 0. 

If we require that the w-meson mean field is proportional to the baryon 
density, the relation (|43[) is satisfied. In a P.S. BD, we add the u-meson self- 
interaction a; 4 and the cj-w-u-nucleon interaction at the same time, and put 
Coja = 3(^3 to 2 / !g u to satisfy the relation (|43|). An example of this parameter 
set is shown in Table 1. In the P.S. BDi, 5^3 and c^4 are chosen to yield 
m l 2 / m i = <W3a; =0.90 at p B = pbo and p 3 = 0. 

In Figs. 2~6, we show the results for the P.S. Bi, Di and BDi. In the 
P.S. Bi, the effective w-meson mass decreases as density increases. This 
makes K{pb) larger and the EOS becomes stiffer at high density. As is 
seen in Fig. 6, the EOS also becomes stiffer in the asymmetric nuclear 
matter. We emphasize that this behavior is not trivial since the basic four 
parameters, g a /ma, <7a>A"w> c CT 3 and c CT 4 are also changed to reproduce the 
basic properties of EOS for the P.S. NL3 at the normal density, namely 
Pbo = 0.148fm" 3 , a x = 16.299MeV, m* = 0.6m and K = 271.76MeV. 
(Since the w 4 interaction does not affect 04 and g p /fn p is not changed in this 
case. ) 

In the P.S. Di, the effective w-meson mass decreases and the effective 
a;-nucleon coupling increases as density increases. This makes K{pb) much 
larger and the EOS becomes much stiffer at high density. As is seen in Fig. 
6, the EOS also becomes much stiffer in the asymmetric nuclear matter. 

In the P.S. BDi, the effective w-meson mass decreases and the effective 
o;-nucleon coupling decreases as density increases. As is seen in the previous 
section, the effect of the reduction of the effective w-nucleon coupling over- 
comes the effect of the reduction of the effective w-meson mass. Therefore, 
K{pb) becomes smaller and the EOS becomes softer at high density. As 
is seen in Fig. 6, the EOS also becomes softer in the asymmetric nuclear 
matter. 

In a P.S. E, we add the p-meson self-interaction p 4 . This term makes 
the effective p-meson mass larger (smaller) at large |ps| if c P 4 is positive 
(negative). An example of this parameter set is shown in Table 2. In the 
P.S. Ei, c P 4 is chosen to yield m* 2 /m 2 =0.9 at pb = Pbo and P3 = — pbo- 

In a P.S. F, we add the p-p-p-nucleon interaction. This term makes the 
effective p-nucleon coupling larger (smaller) and the effective p-meson mass 
smaller (larger) at large |p3| if g p s is positive (negative). An example of this 
parameter set is shown in Table 2. In the P.S. Fi, g p3 is chosen to yield 
m* 2 /m 2 p =0.9 at p B = Pbo and p 3 = -pbo- 

If we require that the p-meson mean field is proportional to the isovector 
density, the relation (|45|) is satisfied. In a P.S. EF, we add the p-meson self- 
interaction p and the p-p-p-nucleon interaction at the same time, and put 
Cp4 = 3gp3m 2 / 1 g p to satisfy the relation (|45|) . An example of this parameter 
set is shown in Table 2. In the P.S. EFi, g p3 and c a i P 2 are chosen to yield 
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F-, 

-T 1 


FF, 




ft 2 1 Trt 2 
9<T / m <T 


Z1D9 8^7 


zL09 8^7 


zL09 8^7 


v uev ) 


a,,, 2 /m,,, 2 


268.597 


268.597 


268.597 


(GeV~ 2 ) 


9 P /m p 2 


34.9375 


34.9375 


34.9375 


(GeV- 2 ) 


9 P 3/9p 3 


0.0 


10.1313 


-21.329 


(GeV- 2 ) 




1.95823 


1.95823 


1.95823 


(MeV) 




-2.64707 


-2.64707 


-2.64707 


xl0~ 3 


Cpi/gp 4, 


-0.57047 


0.0 


-1.83147 





Table 2: The P.S. Ei, Fi and EFi. All of the other parameters are zero. 

m *p 2 / m2 p = gp/gp =0.90 at p B = Pbo and p 3 = -p B o- 

In Figs. 7~9, we show the results for the P.S. Ei, Fi and EFi. In the 
P.S. Ei, the effective p-meson mass decreases as \p^\ increases. This makes 
the EOS becomes stiffer at large |ps|. 

In the P.S. Fi, the effective p- meson mass decreases and the effective 
p-nucleon coupling increases at large \pz\- This makes the EOS becomes 
much stiffer at large \p%\. 

In the P.S. EFi, the effective p-meson mass decreases and the effective p- 
nucleon coupling decreases as |p3| increases. As is seen the previous section, 
the effect of the reduction of the effective p-nucleon coupling overcomes the 
effect of the reduction of the effective /5-meson mass. Therefore, the EOS 
becomes softer at large \p%\. 

Finally, we consider the meson-mixing interactions. In a P.S. KL, we add 
the mixing interaction a 2 ^ 2 and the cr-a-w-nucleon interaction at the same 
time, and put c a 2ui2 = — 9ar2wfn%/ g u to satisfy the relation (|l3*|). Although 
there is the o-oj mixing interactions, the off-diagonal element m*^ 2 vanishes 
because of this condition. In this model, the effective w-meson mass larger 
(smaller) and the effective w-nucleon coupling larger (smaller) if g CT 2uj is 
positive (negative). The effective w-nucleon coupling and the effective uj- 
meson mass are given by 

k = = x + 9^ a 2 = l + i^L {m _ m * )2 _ (58) 
gw mi g w g 2 g u 

An example of this parameter set is shown in Table 3. In the P.S. KLi, 
g a2 uj and c CT 2cj2 are chosen to yield m* 2 /m 2 = g u /g u =0.90 at p B = Pbo and 
P3 = 0. 

In a P.S. GH, we add the mixing interaction <7 2 p 2 and the cr-cr-p-nucleon 
interaction at the same time, and put c a <i p i = —ga2pfn 2 / g p to satisfy the 
relation (|45[). Although there is the a-p mixing interactions, the off-diagonal 
element m* p 2 vanishes because of this condition. In this model, the effective 
p-meson mass larger (smaller) and the effective p-nucleon coupling larger 
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(GeV" 




Qrr r >i,i 1 ( Qrr" 2 


-0.70883 


0.0 


-0.70883 


(GeV" 




9a2 P l {g 2 g P ) 


0.0 


-0.70883 


-0.70883 


(GeV" 




Ca3/9a :i 


0.0886639 


1.95823 


0.0886639 


(MeV) 


Cal/g^ 


4.51100 


-2.64707 


4.51100 


xl0~ 


-3 


Ca2u;2/(ga 2 gu} 4 ) 


2.37511 


0.0 


2.37511 


xlO" 


-3 


Ca2p2/(ga 2 g p 2 ) 


0.0 


1.82597 


1.82597 


xHT 


-'2 



Table 3: The P.S. KLi,GHFi and KLGHi. All of the other parameters are 
zero. 



(smaller) at large |ps| if g a 2 P is positive (negative). The effective p-nucleon 
coupling and the effective p-meson mass are given by 

h = ™£ = i + 3^ a 2 = 1 + 9^ L{m _ m * )2 _ (59) 

g P m 2 P g P g£g P 

An example of this parameter set is shown in Table 3. In the P.S. GHi, 
g<r2 P and c a 2 P 2 are chosen to yield to* 2 /to 2 = g p /g p =0.90 at pe = Pbo and 

P3 = 0. 

In a P.S. KLGH, we add the mixing interactions a 2 u) 2 , the cr-cr-Li>nucleon 
interaction, the mixing interaction a 2 p 2 and the <r-<7-p-nucleon interaction 
at the same time, and put c a2 u>2 = ~ga2u J rn 2 J /g UJ and c a2p 2 = -ga2 P m 2 /g p to 
satisfy the relations (|4*3*|) and (J33J). We also put g^uj/guj = ga2 P /g P to satisfy 
m tj/ m uj = m * p / m P - These terms makes the effective u and p-meson masses 
larger (smaller) and the effective u and p-nucleon couplings larger (smaller) 
if 50-2^ and g a 2 P are positive (negative). An example of this parameter set 
is shown in Table 3. In the P.S. KLGHi, g a 2ui, ga2 P , c CT 2w2 and c a 2 P 2 are 
chosen to yield m* 2 /m 2 = g^/g^ = m* 2 /m 2 = g p jg p =0.90 at p B = pbo 
and P3 = 0. 

In Figs. 10~14, we show the results for the P.S. KLi, GHi and KLGHi. 
In the P.S. KLi, the effective w-nucleon coupling decreases as the effective 
w-meson mass decreases. At any density, g w / 'g w = m^/m^ is satisfied. This 
makes K(p^) smaller and the EOS softer. 

In the P.S. GHi, the effective p-nucleon coupling decreases as the effec- 
tive p-meson mass decreases. At any density, g p /g p = to* 2 /to 2 is satisfied. 
However, this effect makes no change in the EOS of symmetric nuclear mat- 
ter, since the mean field of p-meson is zero in the symmetric nuclear matter. 
On the other hand, this effect makes the EOS softer at large |ps| as is seen 
in Fig. 13, although to* depends on p3 only slightly. (See Fig. 12.) 
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In the P.S. KLGHi, the EOS becomes softer at large pb and/or large 
|p3 1, since the effective w-nucleon and p- nucleon couplings decreases. The 
decrease of the effective p-meson mass is smaller at high density than in 
the case with the P.S. GHi, because the value of the a- meson mean field is 
smaller than the one in the case with the P.S. GHi. As is seen before, in 
the models with the P.S. KL, GH and KLGH, the decrease of the square of 
the vector meson mass is proportional to (g a cr) 2 = (m — m*) 2 . 

In Fig. 14, we show the relation between the effective nucleon mass and 
the effective vector meson masses, using the P.S. KLi, GHi and KLGHi. All 
of three models have the same relation between m^/m^ (and/or m*/m p ) 
and m*/m, because the coefficient g a 2uj/(9a9w) (and/or g a 2p/ {g^gp)) has the 
same value in (|58|) (and/or (|59|0 . As density increases, both of the effective 
nucleon mass and the effective vector (uj and/or p) meson mass decreases. 
The relation is somewhat different from the Brown-Rho scaling where the 
effective vector meson mass is approximately proportional to the effective 
nucleon mass. 

Modification of the EOS for the asymmetric nuclear matter may af- 
fects the properties of the neutron star. Using these EOS and the Tolman- 
Oppenheimer-Volkoff (TOV) equation, we calculate the radius of the neu- 
tron star whose mass is 1.35 times of the solar mass. All EOS we have used 
satisfy the basic properties of the EOS for the P.S. NL3 at the normal density, 
namely p B o = 0.148fm~ 3 , ai = 16.299MeV, m* = 0.6m, K = 271.76MeV 
and 04 = 37.4MeV. We change the value(s) of the parameter (s) of the higher- 
order interaction(s) and re-determine the five basic parameters to satisfy the 
five basic properties of the EOS for the P.S. NL3. For the constituents of 
the matter in the neutron star, we only consider protons, neutrons and elec- 
trons. We also neglect the effects of the crust which may be important in 
the calculations for the lighter star. 

In Figs. 15, 16 and 17, we show the relation between the radius R of the 
neutron star and the effective w(p)-meson mass at the center of the neutron 
star. In Figs. 18, 19 and 20, we also show the relation between the radius 
R and the effective w(p)-meson mass calculated at pb = Pbo and p3 = (or 
P3 = — pbo) using the same parameter set. 

In Figs. 21 and 22, we show the relation between the radius R and the 
effective w(p)-nucleon coupling at the center of the neutron star. In Figs. 23 
and 24, we also show the relation between the radius R of the neutron star 
and the effective w(p)-nucleon coupling calculated at pb = Pbo and P3 = 
(or p3 = — pbo ) using the same parameter set. 

In the model with the P.S. B (E), the radius R becomes smaller and the 
effective u;(p)-meson mass becomes larger as the coefficient c^^Cp^) become 
larger. This is because the enhancement of the effective o;(p)-meson mass 
makes the EOS softer. 

In the model with the P.S. D (F), the radius R becomes larger, the effec- 
tive w(p)-meson mass becomes smaller and the effective a;(p)-nucleon cou- 
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pling becomes larger as the coefficient 5^3 becomes larger. This is because 
both of the reduction of the effective uj(p)-meson mass and the enhancement 
of the effective w(/j)-nucleon coupling make the EOS stiffer. 

In the models with the P.S. BD, EF, KL, GH and KLGH, as the radius R 
becomes smaller, the effective w(and/or p)-meson mass becomes smaller and 
the effective w(and/or p)-nucleon coupling becomes smaller. This is because 
the effect of the reduction of the effective u;(and/or p)-nucleon coupling 
overcomes the effect of the reduction of the effective uj (and/or /9)-meson 
mass and makes the EOS softer. 

In the former four cases (B,D,E and F), R increases as the effective 
vector meson mass decreases. On the contrary, in the latter five cases 
(BD,EF,KL,GH and KLGH), R decreases as the effective vector meson mass 
decreases. 

We also see that the radius R depends on the values of the effective u>- 
meson mass and the effective w-nucleon coupling much stronger than on the 
values of the effective p-meson mass and the effective /j-nucleon coupling. 
The ambiguity of R is a few hundred meters if |m* 2 — to 2 | ~ 0.1m 2 at the 
normal density. 

5 Summary 

In summary, we have studied the relation between the effective meson masses, 
the effective meson-nucleon couplings and the EOS in the asymmetric nu- 
clear matter. We have also studied the relation among the effective meson 
masses, the effective meson-nucleon couplings and a radius of a neutron star. 
The results obtained in this paper is summarized as follows. 

(1) The enhancement (reduction) of the effective cu(p)-meson mass makes 
the EOS softer (stiffer) at high densities (and/or at large |p3|) even though 
the basic properties of the EOS are fixed at the normal density. 

(2) The enhancement (reduction) of the effective w( / o)-nucleon coupling 
makes the EOS stiffer (softer) at high density (and/or at large \pz\)- 

(3) If the multi w(/9)-nucleon interaction is added with the positive (neg- 
ative) sign, this makes the effective w(/9)-nucleon coupling larger (smaller) 
and the effective u;(/9)-meson mass smaller (larger). Consequently, the EOS 
becomes much stiffer (softer) at high densities (and/or at large \ps\). 

(4) If we require the effective u;(and/or p)-meson mass is proportional 
to the baryon density pe (and/or the isovector density ps), the effective 
uj (and/or p)-nucleon coupling decreases as the effective uj (and/or p)-meson 
mass decreases. The effect of the reduction of the effective vector meson- 
nucleon coupling overcomes the effect of the reduction of the corresponding 
effective vector meson mass and the EOS becomes softer. 

(5) The value of the radius R of the neutron star depends on the values 
of the effective w-meson mass and the effective w-nucleon coupling much 
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stronger than on the values of the effective p-meson mass and the effective 
p-nucleon coupling. The ambiguity of R is order of a few hundred meters if 
|m* 2 — m 2 | ~ 0.1m 2 at the normal density. 

The ambiguity of order of a few hundred meters may be somewhat 
smaller than the change of R which is predicted as a signal of the quark 
star. JS] In the framework of the relativistic mean field theory with exotic 
matters, it seems to be difficult to yield a small radius (< 10km) for the 
neutron star with canonical mass. 

On the other hand, if the hadron EOS becomes softer by the modifica- 
tions of the effective vector meson mass and/or the effective vector meson- 
nucleon coupling, the hadron phase may survive at higher density. It is 
interesting to compare the modified normal hadron EOS with the EOS of 
the exotic matter. Such investigations are now in progress. 
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Figure Captions 



Fig. 1 Diagrammatic descriptions, (a) Nucleon self-energies, (b) Effective 
meson-nucleon couplings, (c) Equations of motion for mesons, (d) Meson 
self-energies. (Square of effective meson masses.) 

Fig. 2 The value of m^/m^ at P3 = is shown as a function of the baryon 
density pb- The solid, dashed, dotted and dot-dashed curves represent the 
results for the P.S. NL3, Bi, Di and BDi, respectively. 

Fig. 3 The value of g w /g w at p% = is shown as a function of the baryon 
density p-Q. The solid, dashed, dotted and dot-dashed curves represent the 
results for the P.S. NL3, Bi, Di and BDi, respectively. The dashed line for 
the P.S. Bi coincides with the solid line for the P.S. NL3 and is constant 
(unity). 

Fig. 4 The value of K(pb) (in MeV) is shown as a function of the baryon 
density pb- The solid, dashed, dotted and dot-dashed curves represent the 
results for the P.S. NL3, Bi, Di and BDi, respectively. 

Fig. 5 The value of e/pB — m at ps = (in MeV) is shown as a function of 
the baryon density pb- The solid, dashed, dotted and dot-dashed curves 
represent the results for the P.S. NL3, Bi, Di and BDi, respectively. 

Fig. 6 The value of the pressure P (in GeV -4 ) at pb = 2peo is shown as a 
function of the isovector density p%. The solid, dashed, dotted and 
dot-dashed curves represent the results for the P.S. NL3, Bi, Di and BDi, 
respectively. 

Fig. 7 The value of m* p 2 /m 2 p at pe = 2/9bo is shown as a function of the 
isovector density p%. The solid, dashed, dotted and dot-dashed curves 
represent the results for the P.S. NL3, Ei,Fi and EFi, respectively. 

Fig. 8 The value of g p /g p at pb = 2/jbo is shown as a function of the 
isovector density p$. The solid, dashed, dotted and dot-dashed curves 
represent the results for the P.S. NL3, Ei,Fi and EFi, respectively. The 
dashed line for the P.S. Ei coincides with the solid line for the P.S. NL3 
and is constant (unity). 

Fig. 9 The value of the pressure P (in GeV -4 ) at pb = 2pB0 is shown as a 
function of the isovector density p%. The solid, dashed, dotted and 
dot-dashed curves represent the results for the P.S. NL3, Ei,Fi and EFi, 
respectively. 
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Fig. 10 The values of m* 2 /m 2 (= g w /gj) and m* 2 /m 2 (= g p /g p ) at p 3 = 
are shown as functions of the baryon density pb • The solid curve 
represents the results of m* 2 /m 2 for the P.S. NL3 and GHi, and the 
results of mf/m 2 for the P.S. NL3 and KLi. The dotted curve represents 
the result of m* 2 /m 2 p for the P.S. GHi. The dot-dashed curve represents 
the results of m* 2 /m 2 for the P.S. KLi and KLGHi, and the result of 
mfjm 2 for the P.S. KLGHi. 

Fig. 11 The value of e/p& — m (in MeV) at ps = is shown as a function 
of the baryon density pb- The solid curve represents the results for the 
P.S. NL3 and P.S. GHi. The dot-dashed curve represents the results for 
the P.S. KLi and KLGHi. 

Fig. 12 The values of m* 2 /m 2 (= g w /gj) and m* 2 /m 2 (= g p /g p ) at 
Pb = 2peo are shown as functions of the isovector density p%. The solid 
curve represents the results of m* 2 /m 2 for the P.S. NL3 and GHi, and the 
results of m* 2 /m 2 for the P.S. NL3 and KLi. The dotted curve represents 
the result of m* 2 /m 2 for the P.S. GHi. The dot-dashed curve represents 
the results of m* 2 /m 2 for the P.S. KLi and KLGHi, and the result of 
m* 2 /m 2 p for the P.S. KLGHi. 

Fig. 13 The value of the pressure P (in GeV -4 ) at pb = 2/9bo is shown as a 
function of the isovector density p%. The solid, dashed, dotted and 
dot-dashed curves represent the results for the P.S. NL3, KLi, GHi and 
KLGHi, respectively. 

Fig. 14 The value of m*/m u for the P.S. KLi and KLGHi and the value of 
m*/m p for the P.S. GHi and KLGHi are shown as functions of the 
effective nucleon mass m*/m. The solid curve represents the all results. 

Fig. 15 The value of w-* c 2 /m 2 at the center of the neutron star is shown 
as a function of the radius R (in m) of the neutron star. The dashed, the 
dotted and the dot-dashed curves represent the result for the P.S. B, D 
and BD, respectively. 

Fig. 16 The value of m pc 2 /m 2 at the center of the neutron star is shown as 
a function of the radius R (in m) of the neutron star. The dashed, the 
dotted and the dot-dashed curves represent the result for the P.S. E, F and 
EF, respectively. 

Fig. 17 The square of the effective vector meson masses at the center of 
the neutron star are shown as functions of the radius R (in m) of the 
neutron star. The dashed, the dotted and the dot-dashed curves represent 
rr£c 2 /™>l(= 9uc/9u) for the P.S. KL, m* pc 2 /m 2 p {= ~g pc /g p ) for the P.S. GH, 
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and m* u}C 2 /ml(= g^c/g^) and m* 2 /m 2 p (= g pc /g P ) for the P.S. KLGH, 
respectively. 

Fig. 18 The value of w-* 2 /m 2 at pb = Pbo and P3 = is shown as a 
function of the radius R (in m) of the neutron star. The dashed, the 
dotted and the dot-dashed curves represent the results for the P.S. B, D 
and BD, respectively. 

Fig. 19 The value of m* n 2 /m 2 calculated at pb = Pbo and P3 = ~Pbo is 
shown as a function of the radius R (in m) of the neutron star. The 
dashed, the dotted and the dot-dashed curves represent the result for the 
P.S. E, F and EF, respectively. 

Fig. 20 The square of the effective vector meson mass at pb = Pbo an d 
P3 = are shown as functions of the radius R (in m) of the neutron star. 
The dashed, the dotted and the dot-dashed curves represent the results of 
mlo/ m li= W&O for the P.S. KL, m* p 2 /m 2 p {= g p0 /g P ) for the P.S. GH, 
and m* 2 /"4(= <Wfi^) and m* 2 /m 2 (= g p0 /g p ) for the P.S. KLGH, 
respectively. 

Fig. 21 The value of gu C /9u> at the center of the neutron star is shown as a 
function of the radius R (in m) of the neutron star. The dashed, the 
dotted and the dot-dashed curves represent the result for the P.S. B, D 
and BD, respectively. The dashed line is constant (unity). 

Fig. 22 The value of g pc /g p at the center of the neutron star is shown as a 
function of the radius R (in m) of the neutron star. The dashed, the 
dotted and the dot-dashed curves represent the result for the P.S. E, F and 
EF, respectively. The dashed line is constant (unity). 

Fig. 23 The value of g^o / g w at pb = Pbo and p3 = is shown as a function 
of the radius R (in m) of the neutron star. The dashed, the dotted and the 
dot-dashed curves represent the results for the P.S. B, D and BD, 
respectively. The dashed line is constant (unity). 

Fig. 24 The value of g p o n /g P at pe = pbo and p3 = — pbo is shown as a 
function of the radius R (in m) of the neutron star. The dashed, the 
dotted and the dot-dashed curves represent the result for the P.S. E, F and 
EF, respectively. The dashed line is constant (unity). 
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